Indices of microbial efficiency (expressed as oxygen consumption and carbon dioxide release) were determined in the water column of the meromictic Piaseczno Reservoir (in an opencast sulphur mine), which is rich in sulphur compounds. Phytoplankton abundances were low in both the mixolimnion (up to 15 m depth) and monimolimnion (below 15 m depth). In summer and winter, carbon dioxide release was 3-fold and 5-fold higher, respectively, in the monimolimnion than in the mixolimnion. Laboratory enrichments of the sulphur substrate of the water resulted in a decrease in oxygen consumption rate of by about 42% in mixolimnion samples, and in the carbon dioxide release rate by about 69% in monimolimnion samples. Water temperature, pH and bivalent ion contents were of major importance in shaping the microbial metabolic efficiency in the mixolimnion, whilst in the monimolimnion these relationships were not evident.
INTRODUCTION
Meromictic reservoirs, which are generally soda lakes or salt lakes, rarely occur in temperate climatic zones. The division of water into two layers that do not mix with each other is a reflection of differences in water density, due to the greater salinity of the deep water compared to the surface layer. The surface layer is continuously mixing, which yields good aeration to the mixolimnion, whilst the monimolimnion tends to be anaerobic (Rodrigo et al. 2000 (Rodrigo et al. , 2001 Galas 2003; Löffler 2004) . Specialization of energy sources utilized by bacteria leads to zonation of bacterial distribution in lakes where the hypolimnion is anaerobic. Processes not requiring available oxygen are the energy sources for bacteria capable of acquiring energy from oxidation of various compounds, such as sulphur compounds. In meromictic lakes divided into two layers, where one is saturated with oxygen (mixolimnion) and one is anaerobic (monimolimnion), the efficiency of microbial decomposition of organic matter is an important index of metabolic transformations in the environment (Coffin et al. 1993 , Kroer 1993 , Del Giorgio and Cole 1998 , Oremland et al. 2000 , Humayoun et al. 2003 . In many meromictic lakes sulphur compounds act as electron acceptors during cellular respiration, which can cause an accumulation of hydrosulphuric acid, exerting a negative influence on biological processes (Overmann et al. 1996) . Lakes with a substantial concentration of sulphuric substances occur rather infrequently. Piaseczno Reservoir (in an opencast sulphur mine), the object of this investigation, has a high content of sulphur salts content causing it to be meromictic. The lake is divided into two layers, a mixed and aerated surface layer, and a deep anoxic one (Żurek 2006a) . In lakes of a similar type, namely containing large amounts of sulphates, desulphurization processes play a significant role (Parkin and Brock 1981, Overmann et al. 1996) . As a consequence of the specific environmental conditions, as is seen in other lakes of a similar type, phytoplankton abundance in Piaseczno Reservoir was low throughout the year, the community being composed of a small number of species, among the most variable and numerous groups were diatoms (Bucka and Wilk-Woźniak 2005, Wilk-Woźniak and Żurek 2006) . The aim of the present study was to evaluate algal abundances, the efficiency of microbial processes, and their relationships to physical and chemical factors in the mixolimnion and monimolimnion zones of the meromictic Piaseczno Reservoir. sulphur mine, which was closed in 1971. The mining uncovered Holocene and Pleistocene mud, sand, gravel and Sarmatian clay deposits, sulphur-bearing limestone, gypsum, and the Baranów sands (Pawłowski et al. 1965) . When mining ceased, the lake was formed by natural filling of the mine with highly mineralized Tertiary and Quaternary waters. The water level rose to an altitude of 121.8 m, at which it has subsequently been artificially kept. The lake has an area of ca. 63 ha and maximum depth of 21.5 m (Żurek 2002) and is a meromictic reservoir owing to the salinity gradient and basin morphology ( Fig.  1) .
Piaseczno Reservoir has a 5.401 × 10 6 m 3 capacity at a water level of 121.8 m above sea level. The volume of the layer from the surface to a depth of 15 m (the mixolimnion) is 4.964 × 10 6 m 3 , which is 91.9% of the total volume, whilst the monimolimnion amounts to 0.437 × 10 6 m 3 (8.1%). These values were calculated according to Amirowicz (1998) .
The mixolimnion is continuously mixed throughout the year. The deepwater layers that are not mixed (monimolimnion) are characterized by a high soluble salt content, stability and thermal uniformity. The trophogenic zone, determined by temperature gradients, range of light, and oxygen concentration, extends from 10 to 15 m deep. Conditions characteristic for typical hypolimnion were not observed in the water below a depth of 15 m, which was anaerobic. The reservoir water is hard, saline and rich in sulphates, and quite high levels of bromine, iodine and zircon were also found. Microelement concentrations were very variable (Cd 0.5 -43.0, Pb 2.5 -183.0, Cu 5.0 -26.7, Zn 0.9 -40.2, Mn 0.8 -8.0, Fe 0.05 -48.4 and Sr 2.0 -27.8 mg dm -3 ) (Szarek-Gwiazda and Amirowicz 2006) .
MATERIALS AND METHODS
Water samples were collected monthly in 2001 and 2002, in a vertical section at the deepest point of the lake (Fig. 1) . Water for chemical analyses was sampled every 2.5 m from the surface to the bottom, using the Kemmerer type water sampler. Laboratory based microbial enrichment experiments were conducted on samples collected during winter (January 2001) and summer (July 2002) thermal stratifications.
Chemical analyses
The analyses of water quality variables were generally carried out according to Standard Methods (APHA 1985 and APHA 1992) . Water temperature (to 0.1°C), pH and conductivity were measured in situ, the latter two being measured with a Multifunction Computer Meter CX-742. Further chemical measurements were made in laboratory on unfiltered samples. Hardness was determined in two ways. Firstly, samples acidified to pH 4.5 were titrated with 0.01 M sodium salt of EDTA in the presence of Eriochrome Black T. These results were later verified by summing concentrations of Ca 2+ , Mg 2+ , and also Sr 2+ , Fe 2+ and Mn 2+ , expressed in mval. Ca 2+ was analysed by titration with 0.01 M sodium salt of EDTA in the presence of murexid, as an indicator at pH 12 -13. Mg 2+ was determined by continuous titration of the sample in the presence of Eriochrome Black T. Na 2+ and K + were determined by the atomic absorption spectrometric method. Clwas measured by the colorimetry mercuric nitrate method. SO 4 was determined by the gravimetric method with the ignition of residue according to Hermanowicz et al. (1999) . Dissolved O 2 and biochemical oxygen demand (BOD) were determined according to Winkler's method (APHA 1985) . Dissolved organic carbon (DOC) was determined by spectrophotometry after combustion (APHA 1992).
Microbiological analysis
For bacteriological analyses water samples were collected using the Kemmerer type water sampler. The sterile Inflatable Glove Chambers were filled with water samples at helium atmosphere, placed in thermostatized chambers and transported to the laboratory.
The presence of Beggiatoa sulphur bacteria in the samples was evaluated by microscope analyses. The numbers of green and red autotrophic sulphur bacteria on filters were counted using fluorescence microscopy, in the presence of acridine orange.
The number of SO 4 -reducing anaerobic bacteria was calculated by the plate method (Rodina 1968) using Sthurm-modified Tauson medium. The number of heterotrophic bacteria oxidizing H 2 S, S and thiosulfate (including Thiobacillus thiooxidans) was determined by the plate method (Rodina 1968) using Starkley medium.
The numbers and biomass of active heterotrophic bacteria in the water were estimated by the agar plate method, with the assumption that the biomass of 1 bacterial cell equals 6.05 × 10 -8 μgC (Watson et al. 1977) .
Microbial efficiency
Microbial efficiency was calculated in the laboratory during a 24 hour incubation, in which samples were kept at their environmental temperatures and shaken continuously. O 2 consumption and CO 2 release were measured from samples at 3 hourly intervals, using a Micro-Oxymax respirometer produced by Columbus Instruments, Columbus, Ohio, USA. The accuracy of measurements was 1 mgO 2 or CO 2 dm -3 of water. O 2 consumption was measured only in samples from the mixolimnion zone, whereas CO 2 release was measured in water from both mixo-and monimolimnion zones.
Enrichment experiment
In the laboratory, samples were enriched with 100 μg dm -3 of FeSO 4 × 7 H 2 O. The impact of the addition of this sulphur compound on microbial efficiency was then observed by measuring O 2 consumption and CO 2 release under the same conditions as in the microbial efficiency experiment.
Phytoplankton analysis
Samples for phytoplankton analyses were collected with a 5 l bathometer at depths of 0, 2.5, 5.0, 7.5, 10.0, 15.0, and 20.0 m once a month over two years from the deepest part of Piaseczno Reservoir. Samples were preserved with Lugol's iodine and concentrated by settling. After concentration the algal density was calculated in Zeiss Jenaval microscope using chambers 0.4 mm high and 22 mm in diameter.
Chlorophyll a content was determined spectrophotometrically in ethanol, according to the method in Nusch (1980) .
Statistical analysis
Descriptive statistics were applied to characterize the data sets; Principal Component Analysis (PCA) and the statistical package STASTISTICA ® were used.
RESULTS

Physico-chemical characteristics of mixo-and monimolimnion
Two layers were distinguished in the water column of Piaseczno Reservoir, the mixolimnion (0 to 15 m deep) and the monimolimnion (below 15 m deep). The mixolimnion showed thermal stratification in winter and summer, whereas almost constant thermal conditions were present in monimolimnion. The surface water temperature varied depending on the season, from 0°C in winter up to 25.5°C in summer. The temperature of deeper mixolimnion layers (10 m) ranged from 4.5°C to 8°C. Thermal conditions of the monimolimnion changed slightly within the year, from 6°C to 8.5°C (Fig. 2 ). In the mixolimnion, oxygen saturation ranged from 105% to 11.5% in summer and from 64% to 14% in winter. Oxicline at 10 m depth in winter and 15 m depth in summer was performed. Anaerobic conditions were found all the time in the monimolimnion. The whole water column had very high sulphate concentrations (326 to 1011 mg dm -3 ), which was highest at the boundary of the mixolimnion and the monimolimnion, and lowest near the reservoir bottom in summer and surface in winter (Fig. 2) . In contrast to the clear alkaline mixolimnion, in which the pH ranged from 7.2 to 9.5, the water in the monimolimnion was weakly alkaline and ranged from pH 7.3 to 7.7. Characteristic for the monimolimnion, apart from the lack of oxygen, were high conductivity (from comparable to as high as double that of the mixolimnion), high total and carbonate water hardness as well as higher concentrations of Ca, Mg, Na, K and Cl compared to the mixolimnion. The organic carbon content, expressed as DOC, was several times higher in the monimolimnion than in the mixolimnion (Table 1) .
Bacteriological analysis
During the period of investigation the density of heterotrophic bacteria in the mixolimnion did not exceed 1.65 × 10 6 , whilst in monimolimnion it was in the range of 4.0 -4.3 × 10 6 dm -3 . Bacteria capable of oxidizing sulphur compounds were found in very small numbers in the mixolimnion (1 to 3 dm -3 ), and were absent from the monimolimnion. Anaerobic bacteria reducing SO 4 and SO 3 occurred in the surface waters (0 to 2.5 m depth) and deeper waters (5 to 10 m depth) of the mixolimnion and in the monimolimnion, with densities of 25 × 10 3 , 45 × 10 3 and 25 × 10 3 dm -3 , respectively. Only near the bottom the number of bacteria was twice higher. Thiobacillus thiooxidans and autotrophic green and red sulphur bacteria were not found in either the mixolimnion or the monimolimnion.
Table 1
Chemical and physical variables in the water column of Piaseczno Reservoir. 
Microbial efficiency
Rate (per hour) and daily sum of oxygen consumption and carbon dioxide release
The mean values of O 2 consumption rate in the mixolimnion were twice as high in winter as in summer. Conversely, the mean values of CO 2 release rate were about 3 times as great in summer as in winter (Table 2) . CO 2 release in the monimolimnion was about 1.5 times greater in summer than in winter. In summer the rate of CO 2 release in the monimolimnion was 3.3 times greater than in the mixolimnion and 6 times greater in winter (Fig. 3) . These differences were statistically significant, at p= <0.05.
Table 2
Oxygen consumption rate, carbon dioxide release rate, bacterial biomass and chlorophyll a content in the mixo-and monimolimnion of Piaseczno Reservoir. During the summer thermal stratification, the mean values of O 2 consumed within a 24 h period by mixolimnion water organisms increased from 0.4, at the surface, to 2.0 mgO 2 dm -3 in the 5 m deep layer of water and then decreased again to 0.7 mgO 2 dm -3 at a depth of 10 m. In the mixolimnion at a depth of 5 m the quantity of CO 2 released was constant (about 1.5 mgCO 2 dm -3 ), whilst at 10 m deep it increased to 46.6 mgCO 2 dm -3 . In the monimolimnion, the mean daily release of CO 2 was significantly higher, being maintained at 54.8 mgCO 2 dm -3 (Fig. 4) .
During the winter thermal stratification the sum of daily oxygen consumption in the mixolimnion decreased from 0.6 mgO 2 dm -3 at the surface to 0.1 mgO 2 dm -3 at 5 m deep, and then increased again with depth. At that time, the quantity of CO 2 released between 0 and 5 m deep was constant at 1.2 -1.3 mgCO 2 dm -3 . With increasing depth, a several fold increase of CO 2 release was observed, with a maximum of 41.8 mgCO 2 dm -3 in water near the bottom of the reservoir. Comparing studies conducted during both seasons indicated that the daily O 2 consumption by microorganisms in the mixolimnion was almost twice as high in summer as in winter. The amounts of CO 2 released daily across the whole water column were similar in the two seasons ( Fig. 4) . 
Dependence of microbial efficiency on selected physical and chemical factors
Metabolic efficiencies of microbial populations originating from different depths of the mixolimnion and monimolimnion (expressed as O 2 consumption rate and CO 2 release), the biomass of heterotrophic bacteria, and chlorophyll a concentration in relation to physical and chemical properties, all showed great variation with depth and season (Tables 1 and 2) .
On the basis of principal component analysis (PCA), carried out by means of main components and including microbial efficiency indices as well as selected biological, physical and chemical parameters, multidirectional interdependencies were evaluated. Two main components were determined for the mixolimnion; the percentage of parameter variability described by factor 1 (PCA-1) was 41% of variance, while that expressed by factor 2 (PCA-2) was 35% of variance. Factor structure distinguished four spatial groups, from which two were associated with PCA-1, and two with PCA-2. Parameters associated with PCA-1 are as follows: microbial efficiency index as O 2 consumption rate, temperature, pH, O 2 content in water, Na ion concentration and biomass of heterotrophic bacteria. Rate of CO 2 release, used as an index of microbial efficiency, water hardness, SO 4 and Ca ions, electrolytic conductivity, and the content of easily-decomposing organic matter were associated with PCA-2 ( Fig.  5 ). Water pH had the greatest share in the load of PCA-1, total hardness in the load of PCA-2. Principal component analysis (PCA) for the monimolimnion did not demonstrate significant associations between microbial efficiency indices and the physico-chemical properties of the environment.
Enrichment experiment
The daily O 2 consumption and daily CO 2 release were measured in water samples collected from different depths of the lake that had been enriched with a sulphur substrate. In comparison to non-treated water (treated as a blank) the mixolimnion showed a decrease in daily O 2 consumption with increasing depth. The decrease ranged from 1% (surface layer) to 42% (at 15 m deep). However, daily CO 2 release increased with increasing depth, compared to the control, ranging from 2% (surface layer) to 17% (at 15 m deep).
In samples from the monimolimnion the enrichment with sulphur substrate yielded a decrease of daily CO 2 release by 69%, compared to the control (Fig.  6 ).
Algological analysis
The composition of phytoplankton communities in Piaseczno Reservoir exhibited both seasonal and vertical distribution variations. One species each of cyanoprokaryota and chrysophyte, two species of dinophytes, and a few species of euglenophytes, cryptophytes and green-algae were recorded. Nanoplanktonic algae (smaller than 30 µm) generally developed during the winter and early spring, under the ice cover, but in small numbers, whereas microplankton algae (over 30 µm) developed in the lower part of the mixolimnion during the summer and autumn. Under the ice cover, the species were primarily cryptophytes (Cryptomonas sp.) (smaller than 30 µm) and chrysophytes (Chrysococcus minutus (Fritsch) Nygaard). Seasonally, diatoms developed after the chrysophytes and next, during the summer, chlorophytes and cyanobacteria became more prominent. During the summer (June) in the upper part of the mixolimnion a small number of cyanobacteria were observed -Anabaena minderi Hub.-Pest. In the lower part of the mixolimnion in summer the most frequent taxa were Dinobryon divergens Imh., Peridinium volzii Lemm., Asterionella ralfsii W. Sm., Fragilaria ulna var. acus (Kütz.) Lange-Bertalot and Fragilaria crotonensis Kitt.
In the mixolimnion the most abundant species were Peridinium volzii (1.2 × 10 3 cells dm -3 ) in July and Dinobryon divergens (2.4 × 10 6 cells dm -3 ) in August.
Only once through the sampling period were live algae observed in the monimolimnion, which were cells of the diatom Navicula rhynchocephala Kütz., at 39 cells dm -3 . This phenomenon was observed in the sample from a depth of 20-21 m collected at the end of April 2002.
DISCUSSION
Specific gravity of water is an important element in meromictic lakes, especially at the time of water mixing. Garibaldi et al. (1996) calculated that in the season of water mixing the solute concentration plays the most important role. A similar situation was reported for Piaseczno Reservoir (Żurek 2006a ). Rodrigo et al. (2001) reported that in the meromictic Lake La Cruz (Spain) chemical stratification was caused by calcium and bicarbonate and in the monimolimnion (below 19 m depth) by a low concentration of sulphide in the anoxic bottom water. In Piaseczno Reservoir the stratification is caused mainly by the high concentration of sulphur compounds, especially in deep layers of the water column. The two studied periods of thermal stratification of the lake differed markedly. It was a consequence of altered meteorological conditions which have been reported as yielding structural differences in the water column, the position of deep the oxic-anoxic boundary and differences in the development of algal populations in the upper trophogenic zone (Wilk-Woźniak and Żurek 2006). These authors also showed that the PAR penetrated only to a depth of 10 m, due to high water turbidity, as well. In this study at depths of 10 to 15 m (the position of the oxicline), and in deeper water, autotrophic green and red sulphur bacteria were not present, due to very low light penetration. It was also found that the mixolimnion contained very low numbers of phototrophic bacteria. In contrast, in Lake La Cruz, which has a shallower oxic-anoxic boundary, the monimolimnion acts as a refuge for phototrophic bacteria during the mixing period and it, in the authors' opinion, is considered to be a key factor in understanding the ecology of these microorganisms (Rodrigo et al. 2000) .
Meromictic reservoirs rich in sulphates are relatively rare (Gaydin and Zozula 2002 ). An example is Piaseczno Reservoir which has very high levels of sulphur compounds, particularly sulphates and sulphites, because it is situated in a former opencast sulphur mine. These compounds exert an influence on the water salinity (Żurek 2006a) , which is evident in the case of Piaseczno Reservoir. Aerobic conditions in the mixolimnion favour the occurrence of oxidization of sulphur compounds, and it indicates a gradual increase of sulphate concentration in the mixolimnion. In the anaerobic monimolimnion reduced sulphur forms are dominant.
According to Luthy et al. (2000) sulphide in the oxic mixolimnion is spontaneously oxidized by oxygen, the rate of oxidation depending on the oxygen concentration. Sulphide oxidation by chemolithotrophic bacteria may occur at the oxicline, and this cannot be distinguished from spontaneous chemical oxidation in the aerated mixolimnion. In Piaseczno Reservoir no, or very small numbers, of bacteria that oxidise sulphur compounds were observed. For this reason the high concentration of oxidized sulphur compounds seen in the mixolimnion can be attributed to chemical oxidation only.
Processes both requiring oxygen and those capable of taking place without it constitute energy sources for bacteria able to get energy from the oxidation of sulphur compounds. CO 2 released in processes of organic matter decomposition originates both from aerobic and anaerobic transformations. Therefore the rate of CO 2 release is a better index of microbial efficiency than the O 2 consumption rate. On the other hand, organic matter produced in the mixolimnion settles into deep layers of water and is therefore irrevocably lost to turnover in the water column. Thus in Piaseczno Reservoir the monimolimnion plays a role in settling the organic matter which can then only be decomposed via anaerobic processes. Analogous results, with regard to indexing microbial efficiency and the role of the monimolimnion in meromictic lakes, were presented by Coffin et al. (1993) and Oremland et al. (2000) .
As a consequence of the environmental conditions in Piaseczno Reservoir, the phytoplankton species richness and abundances are low in both the mixolimnion and the monimolimnion throughout the year. The seasonal succession of phytoplankton in Piaseczno Reservoir was similar to that reported in Piburger See, another meromictic reservoir (Tolotti and Thies 2002) . It is very interesting to see living cells of Navicula rhynchocephala in the monimolimnion of the lake, which is deprived of light penetration. This common and eurytypic diatom species has a wide ecological spectrum, preferring water with a high mineral content and, as a halophilous species, is indifferent to small amounts of chloride (Patrick and Reimer 1966) . On the other hand, it is also possible that Navicula rhynchocephala can take up dissolved organic matter, and for this reason may prefer eutrophic water, charged with organic substances, as has been reported of Nitzschia palea (Van Dam et al. 1994) .
The results presented here show that bacteria play a more important role than phytoplankton, in Piaseczno Reservoir, and probably in other such water bodies. It seems also that among the bacteria the chemosynthetic Beggiatoa sp. plays the most important role in the monimolimnion of Piaseczno Reservoir. This bacterium belongs to the group leucothiobacteria, which use the oxidation of various sulphur compounds to generate energy, which is then used in carbon fixation. The most common sulphur compounds reduced by them are hydrogen sulphide, elemental sulphur, and thiosulphate. Beggiatoa can dominate microbial communities associated with sediments in various waters, especially waste waters, and are considered as good indicators of oxygen-depleted environments (Nelson et al. 1986 ).
Abundance of sulphur compounds in the water of Piaseczno Reservoir was close to the limit above which microbial metabolic activity would be inhibited. The results of laboratory experiments in which the lake water was enriched with sulphur substrates provide evidence for this. Sulphates added to water from the mixolimnion caused a decrease of O 2 consumption rate by 42% compared to the control, while sulphate addition into water from the monimolimnion caused a decrease of the CO 2 release rate by 69% compared to the control. These results can be interpreted as the excess sulphates resulting in the inhibition of synthesis of bacterial ectoenzymes. This is supported by reports of strong dependence of bacterial ectoenzymatic activity on environmental factors such as temperature, pH, salinity, and the composition of substrates in organic matter pools (Stabel et al. 1979 , Halemejko and Chróst 1989 , Chróst 1990 , Starzecka 2002 , Starzecka and Bednarz 2002 .
When comparing seasonal periods of thermal stratification in Piaseczno Reservoir it was seen that microbial efficiency in the mixolimnion, measured by daily O 2 consumption, was almost twice as high in summer as in winter (Fig. 4) . This result is consistent with observations made in other types of reservoirs (Berger et al. 1995 , Choi et al. 2001 , Fujii et al. 2002 , Starzecka and Bednarz 2004 . However, the observed similar amounts of daily CO 2 release recorded in both summer and winter (Fig. 4) probably result from seasonal changes in the structure of the microorganism community.
Statistical analyses demonstrate that many environmental factors (physical and chemical), mineral salt concentrations (the sum of bivalent cations) and water pH, determine the microbial efficiency in the mixolimnion of Piaseczno.
Phytoplankton development (as chlorophyll a concentration) was not seen to have an effect on the microbial efficiency, confirming that the microbial efficiency is primary related to the physical and chemical factors of the environment (Fig. 5 ). No such relationship was seen for the monimolimnion.
In the meromictic Lower Mistic Lake (Massachusetts USA), Duval and Ludlam (2001) reported that bacterial abundances averaged 10.4 × 10 9 dm -3 in the mixolimnion, and 4 × 10 9 dm -3 in the monimolimnion, whilst at the chemocline the concentration of bacteria was near the detection level. Sulphate and methanogenous bacteria were more numerous in the monimolimnion than in the mixolimnion, which is not surprising since methanogenesis is an anaerobic process that cannot occur in oxygenated water. The number of bacteria in Piaseczno Reservoir was about 1000 times lower than those reported by Duval and Ludlam (2001) .
The paucity of bacteria, phytoplankton (Wilk-Woźniak and Żurek 2006) and zooplankton (Żurek 2006b ) in the mixolimnion yielded very low biological productivity in the trophogenic zone of Piaseczno Reservoir. This paucity primarily results from the chemical and physical factors inhibiting their development. Nutrient concentrations (phosphorus and especially nitrogen) were at low levels in the photic zone, which is typical for meromictic lakes (Żurek 2006a) . Organic matter produced in the trophogenic zone of Piaseczno Reservoir sinks down to the monimolimnion, being only slightly decomposed in the mixolimnion prior to its removal. Thus, the lake is deficient in available nutrients that, due to organic matter decomposition, are normally returned to circulation in reservoirs of other types (Löffler 2004 (Löffler , Żurek 2006a .
